recA protein, in the presence of single-stranded DNA binding protein and ATP, promotes the complete exchange of strands between circular single-stranded DNA containing pyrimidine dimers and a homologous linear duplex, converting the pyrimidine dimer-containing single-stranded DNA to a circular duplex. Bypass ofa pyrimidine dimer during the branch-migration phase of the reaction requires Mo20 seconds, a rate 1/50th of that in the absence of the dimer. The circular duplex product is specifically incised by the pyrimidine dimer-specific T4 endonuclease V, and the resulting 3' hydroxyl termini can serve as primers for deoxynucleotide polymerization by DNA polymerase I. These findings indicate that recA protein serves a direct role in recombinational repair and demonstrate that the pyrimidine dimers that have been bypassed can be processed by enzymes of the excisionrepair pathway.
ABSTRACT recA protein, in the presence of single-stranded DNA binding protein and ATP, promotes the complete exchange of strands between circular single-stranded DNA containing pyrimidine dimers and a homologous linear duplex, converting the pyrimidine dimer-containing single-stranded DNA to a circular duplex. Bypass ofa pyrimidine dimer during the branch-migration phase of the reaction requires Mo20 seconds, a rate 1/50th of that in the absence of the dimer. The circular duplex product is specifically incised by the pyrimidine dimer-specific T4 endonuclease V, and the resulting 3' hydroxyl termini can serve as primers for deoxynucleotide polymerization by DNA polymerase I. These findings indicate that recA protein serves a direct role in recombinational repair and demonstrate that the pyrimidine dimers that have been bypassed can be processed by enzymes of the excisionrepair pathway.
Exposure of cells to UV irradiation leads to the formation of pyrimidine dimers and, to a lesser extent, other lesions in their DNA (1) . These lesions can be removed by excision ofthe damaged bases or by photoreactivation-a process that specifically monomerizes pyrimidine dimers (2, 3) . In most instances, however, pyrimidine dimers are not entirely excised or monomerized and present an obstacle to DNA replication. Replication can resume at a site beyond the dimer; however, as a consequence, a single-stranded gap is introduced (4-6). Pyrimidine dimers in single-stranded regions of duplex DNA cannot be excised (3) . However, they can be bypassed and, thereby, become part of the chromosome.
At least two mechanisms for the bypass ofpyrimidine dimers have been identified in Escherichia coli; both are dependent on the product of the recA gene (recA protein). One of these, "error-prone repair," permits bypass of pyrimidine dimers at the expense of replication fidelity and is responsible for most UV-induced mutagenesis (7, 8) . Although the mechanism of error-prone repair is unknown, recA protein clearly plays a regulatory role (9) . The second type of bypass involves a recombinational event that occurs through exchange of homologous segments between sister DNA molecules (10) . In this case recA protein participates directly (11) (12) (13) (14) .
In this study we have enquired whether the recA protein can promote strand exchange between single-stranded DNA (ss DNA) containing pyrimidine dimers and a homologous duplex, a reaction that is very likely part of recombinational repair in vivo. We show that recA protein, in the presence of E. coli ss DNA binding protein (SSB), promotes the recombinational bypass of pyrimidine dimers through branch migration. We also show that the duplex DNA product containing the pyrimidine dimers can be processed by enzymes known to be involved in excision repair.
MATERIALS AND METHODS
Materials. Bacteriophage 4X174 circular ss DNA was prepared from OX174am3-infected E. coli C as described (15) .
4X174 replicative form I [RFI; supercoiled double-stranded DNA (ds DNA)] was prepared essentially as described (16) with two equilibrium sedimentations in CsCl/ethidium bromide replacing the sucrose density gradient sedimentation. DNA labeled with [3H]thymidine was prepared by the same procedure with E. coli H502 (thy-endor-uvrA) as host. 4X174 linear duplex DNA was prepared by cleavage of 4X174 RFI with restriction endonuclease Pst I, followed by phenol extraction.
recA protein, purified as described (17) When an ATP-regenerating system was included, it contained 2.1 mM phosphoenolpyruvate and four units of pyruvate kinase. The reaction was started by addition of SSB and ATP after preincubation of the other components at 370C. Strand exchange was measured by agarose gel electrophoresis or the S1 nuclease assay.
Agarose Gel Electrophoresis. Samples (25 jd) were removed from the reaction mixture, added to 2 ,l of 10% NaDodSO4, Abbreviations: ss DNA, single-stranded DNA; ds DNA, doublestranded DNA; RF, replicative form; RFI, supercoiled ds DNA; RFII, circular ds DNA containing a single-strand break in one of the two strands; SSB, E. coli ss DNA binding protein. 3171 The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. 3172 Biochemistry: Livneh and Lehman and kept on ice. They were adjusted to 10% glycerol and 0.01% bromphenol blue and subjected to electrophoresis in 0. 7% agarose gels in 40 mM Tris acetate, pH 8.1/2 mM EDTA at a constant current of50 mA. Under these conditions, 4X174 circular ss DNA and the RFI, RFII (circular ds DNA containing a singlestrand break in one ofthe two strands), and linear duplex forms of 4X174 DNA are resolved. SI ,ug), and S1 nuclease (2.0 units/ml) was added. The mixtures were incubated for 25 min at 3rC, then 40 tg ofdenatured calf thymus DNA was added, and the DNA was precipitated by the addition of 1 ml of cold 10% trichloroacetic acid. After 35 min on ice, the mixtures were filtered through Whatman GF/C filters, which were rinsed three times with 1-ml portions of cold 10% trichloroacetic acid and once with 95% ethanol. They were then dried and assayed for radioactivity. The total acid-precipitable [3H]DNA was determined in the same way except that S1 nuclease was omitted. To obtain the value for 100% heteroduplex formation, this value was multiplied by a correction factor of 0.68 to allow for the slight excess of ss DNA (X0. 85) and to compensate for factors found to affect the efficiency of the S1 nuclease assay (xO.8) (unpublished data). ATPase Assay. ATP hydrolysis during strand exchange was determined as described (20) with [3H]ATP at 80 uCi/ml (1 Ci = 3.7 X 1010 becquerels).
Isolation of OX174 RFII Product. The RFII product ofstrand exchange was separated from other DNA species by preparative gel electrophoresis as described except that low-melting SeaPlaque agarose (FMC, Rockland, ME) was used. The bands were visualized under long-wavelength UV light, cut out, melted at 65°C, cooled to 37°C, and then extracted twice with phenol. 4 2 -I recA protein SSB ATP j Incision and Polymerization. The incision, reaction mixture (30 ,1) contained 20 mM Tris HCl (pH 7.5), 0.5 mM EDTA, 0.1 M NaCl, 8 mM dithiothreitol, 4% sucrose, 80 yg of bovine serum albumin per ml, 0.06 ,ug of RFII product, either unirradiated DNA or UV-irradiated DNA containing seven pyrimidine dimers per molecule, and 400 units of T4 endonuclease V (an amount that will incise 4.5 X 1011 dimers per min at 3rC). The mixture was incubated at 37C for 10 min. When a ligation step was included, the T4 endonuclease V was inactivated by heating (70°C for 4 min), and ATP was added to a concentration of1 mM, followed byT4 DNA ligase. The mixture was incubated at 37°C fdr 10 min and again heat inactivated. For the polymerization reaction, MgCl2 was added to a final concentration of 10 mM; dATP, dGTP, and dCTP were added at 62 ,uM, and [3H]dTTP was added at 23 ,uM. The reaction was started by addition of 0.75 ,ug of DNA polymerase I; incubation was at 37°C. The reaction was stopped by addition of 1 ml of 10% trichloroacetic acid/0. 1 M sodium pyrophosphate; after 15 min on ice, the mixtures were filtered through GF/C filters, washedwith fourportions (2 ml each) of10% trichloroacetic acid/ 0.1 M sodium pyrophosphate, once with 95% ethanol, and then dried for the radioactivity assay. the complete exchange ofstrands between the linear duplex and ss DNAs containing 7 and 21 dimers (Fig. 2) . In contrast, only limited strand exchange occurred with ss DNA containing 70 dimers. In addition to RFII and the linear single strand, forms migrating more slowly than RFII appeared at early reaction times (Fig. 2) . These species are probably intermediates in the strand-exchange reaction-for example, the extended D-loop structures that have been observed by electron microscopy (11)-and disappear upon continued incubation, with a corresponding increase in RFII. The RFII originated from the input ss DNA because, when 3H-labeled ss DNA and unlabeled linear duplex were used, there was a decrease in the amount of radioactivity in the ss DNA, accompanied by the parallel accumulation of label in RFII (data not shown). Unirradiated ss DNA and ss DNA containing seven pyrimidine dimers showed similar reaction patterns (Fig. 2) , indicating that the branch migration accompanying strand exchange proceeded past the pyrimidine dimers. With ss DNA containing 21 dimers, the rate of reaction was lower as judged by the persistence of slowly migrating species at longer reaction times. With ss DNA containing 70 dimers, the reaction was almost undetectable.
RESULTS

Pyrimidine Dimers
Branch migration also was observed by measuring heteroduplex formation with the SI nuclease assay; 70% of the unirradiated ss DNA was converted to heteroduplex within 35 min (Fig. 3 ). The rate of heteroduplex formation with ss DNA containing 7, 21, and 36 dimers was slower but nevertheless reached nearly the same extent as that observed with unirradiated ss DNA (70%, 70%, and 65%, respectively). In the case of ss DNA containing 70 dimers, heteroduplex formation proceeded at a low rate and reached a level of only 40%. ATP Hydrolysis. ATP hydrolysis accompanies branch migration during recA protein-promoted strand exchange (19) . For effective bypass ofpyrimidine dimers during branch migration, an ATP-regenerating system (phosphoenolpyruvate and pyruvate kinase) was required. Its absence did not significantly influence branch migration with unirradiated ss DNA or with ss DNA containing seven dimers; however, the rate and extent were significantly diminished with ss DNA preparations that contained 21, 36, or 70 dimers per molecule (data not shown). In contrast, ATP hydrolysis occurred at the same rate with both UV-irradiated and with unirradiated ss DNA, even in the absence ofan ATP-regenerating system (data not shown). A plausible interpretation of these effects is that in the absence of an ATP-regenerating system, ADP accumulates to the point at which it inhibits the reaction (unpublished data). Inasmuch as the rate of branch migration is diminished by pyrimidine di- mers, whereas ATP hydrolysis is unaffected, an inhibitory level of ADP is reached at a lower extent of strand exchange.
Enzymes of Excision Repair Act on the RFH Product Con-
taining Pyrimidine Dimers. The pyrimidine dimer-specific T4 endonuclease V incised the RFII product of DNA strand exchange at the dimers, producing 3' hydroxyl termini that could serve as primers for DNA polymerase I (Fig. 1 ). Incorporation of[3H]dTTP into the pyrimidine dimer-containing RFII incised by T4 endonuclease V occurred to a greater extent than into the RFII that had not been treated with endonuclease V (Fig. 4) . There was some [3H]dTTP incorporation when the RFII formed from unirradiated ss DNA was incubated with T4 endonuclease V, presumably because of nonspecific single-strand breaks introduced by the T4 endonuclease V (Fig. 4A ). Because T4 DNA ligase does not catalyze the ligation of single-strand breaks introduced by T4 endonuclease V at pyrimidine dimers (unpublished data), the nonspecific breaks introduced by the T4 endonuclease V preparation could be specifically eliminated by ligase treatment. Under these conditions, incorporation occurred only with pyrimidine dimer-containing RFII that had been incised with T4 endonuclease V (Fig. 4B) .
The action of T4 endonuclease V on pyrimidine dimer-containing DNA involves cleavage of the glycosylic bond of the 5'pyrimidine of the dimer, followed by incision of the phosphodiester bond linking the two pyrimidines and leaving a 3'-apyrimidinic site (21) (22) (23) (24) . The ability of such sites to serve as primers for DNA polymerase I is increased after treatment with endonucleases IV or VI (22) . Nevertheless, the RFII incised at the site of the pyrimidine dimers clearly provided primers for DNA polymerase I, even in the absence ofadded endonuclease IV or VI, and polymerization was readily detectable (Fig. 4B; refs. 22 and 25) .
DISCUSSION
Our basic finding is that recA protein can promote branch migration through a DNA strand containing pyrimidine dimers. The initial rate of branch migration with unirradiated DNA is 4 or 5 base pairs per second (19) . Assuming that the decrease in rate observed with DNA containing 7, 21, or 36 pyrimidine dimers is the result of an impediment to branch migration at the sites of the pyrimidine dimers, it can be calculated that -20 seconds are required to bypass a dimer (an average value obtained from the 5-and 10-min points of Fig. 3 ). This repre-sents a decrease by a factor of 50 in the rate of the branch migration. Nevertheless, strand exchange does proceed to completion, even with heavily irradiated ss DNA containing 36 pyrimidine dimers. This finding implies that damaged bases in addition to pyrimidine dimers may be bypassed. Thus, a molecule of ss DNA irradiated with 1.37 kJ m-2 contains the following lesions: 22 thymine-thymine and 12 cytosine-thymine dimers, both in the cis-syn conformation; 2 thymine-thymine dimers in the less frequent trans-syn conformation; 6 cytosine hydrates; and about 1.5 pyrimidine adducts (64'-[pyrimidine-2'-one]-pyrimidine) (ref. 2; unpublished data). It is therefore likely that recA protein-promoted branch migration can also proceed through a limited number of mismatched bases.
The finding that pyrimidine dimers can be bypassed suggests that branch migration does not necessarily proceed through a concerted mechanism in which the unwinding of one base pair in the duplex occurs simultaneously with the winding of the previous base into the heteroduplex. Although this may be the case for undamaged DNA, our findings suggest that when branch migration encounters a dimer, several base pairs within the duplex are unwound before rewinding of the duplex can occur. In fact, the decrease in rate at the site of a pyrimidine dimer may indicate that the normal pathway of branch migration does indeed proceed through a concerted mechanism.
Both SSB and ATP hydrolysis are required for branch migration with UV-irradiated DNA. In the absence of SSB, the rate is much slower and reaches an extent of 35-40% after 60 min (data not shown). Although the precise role of SSB is not yet clear, it appears to be involved in the formation ofa complex with recA protein and ss DNA (unpublished data).
Once dimers have been bypassed, they become part of a duplex DNA structure and therefore, should, be removable by excision repair. Indeed, the RFII product of strand exchange between pyrimidine dimer-containing ss DNA and linear duplex DNA is specifically incised by the pyrimidine dimer-specific T4 endonuclease V, with the formation of 3' hydroxyl termini that can then serve as primers for DNA polymerase I. The latter is believed to be the principal enzyme involved in the excision and repolymerization steps of the excision-repair pathway in E. coli (Fig 1; refs. 2 and 3 ).
West et al. (26) have shown that recA protein can promote strand exchange between a gapped DNA molecule and a homologous duplex, if the latter contains a single-strand break opposite the gap. This observation and the other known properties of recA protein were used as the basis of a model for recombinational repair. A similar scheme ( Fig. 5 ) incorporates our finding that recA protein-promoted branch migration can proceed past a pyrimidine dimer. The following steps are diagrammed in Fig. 5 : DNA replication is blocked at a pyrimidine dimer but then resumes at a point beyond the dimer (a); the homologous parental strand on the sister duplex is cleaved by a nuclease opposite the single-stranded gap (b); recA protein unwinds the sister duplex at the nick and forms a D loop at the single-stranded region, past the pyrimidine dimer (c); recA protein, in the presence of SSB, promotes branch migration coupled to ATP hydrolysis, leading to strand exchange and bypass of the dimer (d); and nuclease cleavage resolves the X structure into two sister duplexes, and repair replication followed by ligation completes the process (e). The bypassed dimers now can be removed either by excision repair or by photoreactivation. Alternatively, they may simply persist during additional rounds of DNA replication.
Because it is likely that other types of lesions in DNA are bypassed by recombinational repair, it would be of interest to examine the effects of bases modified by chemical carcinogens or by ionizing radiation on recA protein promoted branch migration.
Correction. In the article "Recombinational bypass of pyrimidine dimers promoted by the recA protein of Escherichia coli" by Zvi Livneh and I. R. Lehman, which appeared in number -RFII -RFIlI 
